Stereotaxic thalamotomy is an effective symptomatic treatment in Parkinson's disease or other movement disorders.' 5 In this operation, normal nervous tissue in the ventrolateral thalamus is destroyed. Although the volume of the lesion is small (about 50 mm3),2 the target area has a critical location centrally in the brain, and adverse clinical effects may therefore be caused by thalamotomy. However, the risk of such complications is low, and most patients function better after the operation.3 5 The strategically important location of the thalamus in the diencephalon reflects its involvement in various functions, such as sensation, language, attention, and memory.6 Therefore, any of these functions may be affected as a consequence of a thalamotomy. Unless specifically investigated, such negative effects may pass unrecognised, overshadowed by the functional improvement that many patients experience when their parkinsonian symptoms are reduced.
Earlier studies of cognitive dysfunction after thalamotomy mainly dealt with language, and several studies from the pre-CT and prelevodopa era showed adverse effects from the operation. 7 We have previously reported changes in language perception in patients with Parkinson's disease during and after thalamotomy. Using dichotic listening, we found an acute reduction in the number of perceived syllables after left sided thalamotomies, with partial normalisation at three month follow up."' In his 1992 review of language dysfunction in relation to thalamotomy, Crosson stated that since his 1984 review on the role of the thalamus in language "no significant data have accumulated".6 " It is therefore uncertain whether or not thalamotomy does lead to cognitive disturbances in patients with Parkinson's disease.
In the present study, we have, therefore, applied a battery of neuropsychological tests to a group of parkinsonian patients who underwent stereotaxic thalamotomy. The selected tests cover broad functions such as memory, perception, attention, set shift and maintenance, and executive functions as well as hemispheric lateralisation. Furthermore, we have compared the preoperative data of the parkinsonian patients with those of age matched healthy subjects. Finally, as lesions in the speech dominant hemisphere might be considered more hazardous in terms of producing unwanted side effects, patients with surgery on the left and the right thalamus were analysed separately.
Materials and methods

PATIENTS
To be included in the study, the patients had to meet the following criteria: (1) Clinical indication for thalamotomy with incapacitating drug resistant tremor, rigidity, or both and a history of Parkinson's disease lasting for more than two years.
(2) All patients were previously examined, diagnosed, and medically treated as having Parkinson's disease, and referred to our department from a practising neurologist or a neurological department.
(3) Provided the patient consented to participate, he or she was presented with a neuropsychological test battery consisting of five different tests which were given preoperatively as well as postoperatively. Not all the patients were tested with all the tests (see later). For the patient to be included, at least one test had to be completed at both sessions (before and after operation).
Altogether 53 consecutive patients (42 men, 11 women, age range 43-74, median 63 years) were included in the study. The clinical severity of Parkinson's disease in each patient was assessed with the Hoehn and Yahr scale,'2 which ranges from 0 (no signs of disease) to 5 (confined to a wheelchair or bedridden unless aided). Twenty two patients were stage 1, 21
were stage 2, seven were stage 3, two were stage 4, and one was stage 5. The indication for thalamotomy was drug resistant severe tremor alone (32) , rigidity alone (13), or both (eight). The thalamotomy was right sided in 28 and left sided in 25 patients. All patients were regularly taking levodopa. Three of the patients had previously undergone a thalamotomy with only temporary relief and the operation was repeated. These were tested for cognitive functions in connection with the ipsilateral reoperation. No patients were operated on bilaterally.
All patients were routinely admitted to the hospital three months after surgery for follow up including neuropsychological testing. The clinical evaluation of the effect of surgery was based on the patient's functional level before and after operation and scored into one of four categories: good if the tremor or rigidity had disappeared completely or nearly without any adverse side effects; moderate if the symptoms were reduced but still evident, or if the symptoms were abolished, but slight undesirable side effects reduced the gain of the operation; unchanged if no major effects could be seen; or worse if the patient's situation was impaired as a consequence of the operation. The parkinsonian symptoms are rarely increased as a result of a thalamotomy. Therefore, the category worse included patients in whom any adverse effects caused by the operation overshadowed the beneficial ones, leaving the patient in a worse situation. The above classification was based on the patient's own opinion as well as the evaluation made by the physician responsible. There was no disagreement between the patients' and the physicians' evaluations.
Before testing, the patients were checked for handedness using a Norwegian translation of the questionnaire developed by Raczkowski et al."3 This consists of 14 questions related to manual functions, and one question related to a pedal item (kicking a ball). To be classified as a right hander, the patient had to indicate at least 13 items as performed by the right limb. All patients were right handed.
CONTROLS
The 53 patients were compared with age matched healthy control subjects without Parkinson's disease or dementia as tested with The lesions were produced by thermocoagulation with a maximum temperature of between 62°C and 65°C. If the parkinsonian symptoms were not satisfactorily relieved by this procedure, a new lesion was placed 1 or 2 mm vertically adjacent to the first, along the same electrode tracks. Hence, the vertical extension of the lesion was 2, 3, or 4 mm.
Cerebral CT was performed within three months before surgery, in connection with the stereotaxic procedure one to two days postoperatively, and at the follow up.
NEUROPSYCHOLOGICAL TESTS The patients were tested in three sessions; the day before surgery, the day after surgery, and at follow up. At each session, which lasted for about an hour, a battery of five different neuropsychological tests was given in the follow- (12 patients) .
A brief description of the tests is given below.
Dichotic memory test
The dichotic memory test has previously proved sensitive in reflecting changes in verbal memory in localised head traumas'6 and intracranial expansive lesions. '7 The dichotic stimuli consisted of six lists of 10 common Norwegian nouns and verbs which were presented with free intervals of two seconds via headphones to one ear of the subject, and with each word simultaneously presented in reverse to the opposite ear. After the first 10 word/inverse word pairs, the experimenter told the subject to repeat as many of the words as he or she could remember (immediate free recall), ability to suppress the brain's "default" setting to first process semantic information in a stimulus compound, when there is additional competing information in the compound. In the version of the Stroop test used here, three 21 x 29 cm cards were used. The stimuli on each card were arranged in a 6 x 8 matrix. The first card consisted of 48 colour dots (green, blue, yellow, red, white, and black), and the subject was asked to name the colour of each dot as fast as possible. Naming time, errors, and self corrected errors were scored (similarly in all three cards). The second card displayed 48 colour words (the same colours as in card 1) written in black against a white background. The subject was asked to read the words as fast as possible. The third card showed 48 colour words, all written in incongruent colours (such as the word "RED" written in blue). The subject was asked to name the colour of each word, ignoring the word information, as fast as possible. The cards were presented in order as described above, to maximise the Stroop effect due to verbal priming from the reading task in card 2 to the interference colour naming task in card 3. Wisconsin card sorting test This test deals with frontal lobe executive function, abstract concepts, and shift and maintenance of attentional and motor sets. 14 
The patient was then asked to sort a deck of 64 cards similarly designed into four piles in response to the experimenter, who responded "right" or "wrong" each time the test subject placed a card into one of the four piles. The experimenter changed the sorting criteria (colour, shape, number) in a standardised fashion during the test without the test subject knowing. The subject being tested therefore had to find out and adapt to the new criterion each time it was changed. The number of sorting categories, errors, and perseverative errors were scored.
STATISTICAL METHODS
For the comparison of preoperative versus postoperative data in the same group of patients, a type 2 two tailed Student's t test for dependent samples was used.
When the right versus left operated patients were compared, as well as when the patients were compared with the controls, a type 1 two tailed t test for independent samples was used. In both circumstances, the limit of statistical significance was defined as P < 0 05.
A separate analysis of variance (ANOVA) was performed on the verbal memory data, to evaluate interaction effects related to ear asymmetry due to the dichotic presentation mode.
Results
CLINICAL EFFECT AND CT FINDINGS
At follow up, the clinical effect of the operation was scored as "good" in 43 patients. In seven patients there was a "moderate" beneficial effect, two were "unchanged," and one patient was regarded as "worse." This was a man aged 70 years who had a 3 mm high lesion in the right thalamus. This led to a complete relief of rigidity, but he developed a permanent reduction of muscle tone in his left side, probably caused by effects on the internal capsule. As a result he had a tendency to fall to the left, and his walking ability was impaired.
The average height of the lesion was 2-96 mm in the right thalamus and 2-56 mm in the Errors and perseverative errors are % of total responses (SD).
from the standardised norms by less than 05 SD. For both lesion sides, the performance did not change significantly after surgery.
INDIVIDUAL PATIENTS
When the patients were analysed as a group, surgery did not seem to impair the patients neuropsychologically. However, the possibility might exist that individual patients were impaired. To investigate this, we compared all tests before and after operation for each of the 27 patients who had gone through all the five tests on both test occasions. There were no patients who showed impairment on all tests. Seven patients had lower scores on four tests postoperatively. In these cases, however, the differences between values before and after operation were usually small.
Furthermore, an increasing age may be associated with a progressive risk of developing postoperative cognitive impairment. Therefore, we investigated if there was any correlation between the patients' age and the cognitive outcome (postoperative versus preoperative neuropsychological state). No such relation with age was found for any of the tests (not shown).
Discussion CLINICAL EFFECT OF STEREOTAXIC THALAMOTOMY
The vast majority of patients in this study had a clinical benefit from their thalamotomy, and the results were similar to those reported by other groups.3-5 Although there was a transient slight hemiparesis in some patients postoperatively, their overall outcome was nevertheless good at follow up, because the tremor and rigidity were reduced to a minimum. We could not follow up the patients for longer than three months. However, as reported, a few patients have been referred back to our department for reoperation, which was carried out six to 12 months after the first operation.
Clinically, the effect of surgery was similar in the right and the left hemisphere. However, the right sided lesions were slightly, but significantly larger than those made in the left thalamus. When performing a thalamotomy, the surgeon is faced with the dilemma of generating a lesion that is large enough to relieve the symptoms, yet small enough not to cause adverse side effects, such as hemiparesis or language difficulties. In most subjects, the language dominant hemisphere is found on the left side. We think that in left sided thalamotomies, considerable attention should be paid to the language aspect, and that the difference in lesion size may reflect the surgeon's consideration of this matter.
Cognitive functions Two main conclusions can be drawn when reviewing the data from the neuropsychological tests. Firstly, the parkinsonian patients' preoperative cognitive functions were reduced in comparison with those of healthy subjects. Secondly, the operation apparently did not impair the patients' cognition, because the preoperative and postoperative results were similar. In some tests, the patients as a group showed postoperative improvement. This improvement, which was found in the verbal memory and the Street completion tests, is likely to be caused by learning effects of the repeated test situations. We do not think that the operation in fact improved the patients' cognition. The patient and control groups were not matched for premorbid IQ or dementia. This may be done in future studies.
The relative failure to show clear adverse effects of thalamotomy on cognition is somewhat at odds with previous reports. Vilkki found that patients with surgery on the left side were more affected than patients with surgery on the right side when tested for visual search, showing a type of hemispatial neglect. 25 Almgren et al found that patients with left sided thalamotomy were more impaired than patients with a right sided thalamotomy on both a verbal memory test and the Stroop task.26 However, none of these authors found that cognitive function was in general impaired after the operation. The sample sizes were small in both studies, hence making it difficult to draw definitive conclusions. Another possible explanation of the discrepancies between our results and previous studies is that there has been a tendency to produce smaller and more refined lesions during recent years; for example, our lesions seem to be somewhat smaller than those of Vilkki.25 Thalamotomy lesions have been made in different thalamic target areas.27 Thus the location of the lesion within the thalamus may also be crucial in eliciting or avoiding cognitive deficts. Table 4 shows that in comparison with the control subjects, this dysfunction became most obvious when the memory load was increased. Similarly, the patients were particularly inferior to the controls on the last part of the Street completion test, in which the perceptual load on visuospatial ability is increased compared with the first part of the test. However, as no negative effect of the operation was found, we conclude that thalamotomy did not further impair visuospatial function.
Visuospatialfunction
Dichotic memory
The dichotic presentation of the word lists in the verbal memory test enabled us to study lateralised effects, and to relate eventual asymmetries in memory function to the side of the lesion. As the left hemisphere is usually language dominant, a lesion in the left thalamus might theoretically produce deficits that could be recognised as an impaired recall, particularly from the right ear. Our results, however, do not support this theory, because we did not find any interaction between the side of the lesion and an ear advantage. The improved recall from the left ear postoperatively was independent of side of lesion, and may be the result of a learning effect. (see Hugdahl and Wester30 for a review of the use of dichotic listening in asymmetry studies of patients with brain damage.)
Executive and setfunction For executive function and set maintenance/ shift as investigated by the Wisconsin card sorting and Stroop tests, the patients again showed deficits compared with the normative data. Bowen et al suggested that these deficits were specific to "switch cognitive set", rather than attributed to a visuospatial dysfunction. 3 Brown and Marsden that patients with Parkinson's disease are impaired on cognitive tasks that require internal cuing for attentional shifts, but that they are relatively unimpaired when external cues are given.'4 Because the Stroop test requires the subject to internally generate the "colour" cue on each stimulus display, the patients should be expected to perform worse than normal controls. This was appropriately shown in the present data, with an increase in the difference between the patients and controls when comparing performance on cards 1 and 2, with card 3 (being the Stroop interference card). The easiest task is to read the words on card 2, and this did not differentiate between the patients and the controls. Thus although the patients performed below the normal controls also on the simple colour naming task, they were particularly impaired in the interference task on card 3.
Conclusions
Parkinsonian patients scored significantly below normal controls when tested with a battery of neuropsychological tests dealing with cognitive functions. Furthermore, our data suggest that cognitive impairment was not affected by thalamotomy. The impaired functions fall mainly into the categories of visuospatial and memory functions, and shifting and maintaining attentional set. Although the ventrolateral nucleus has connections to several cortical areas (for example, precentral and frontal gyri) that may affect cognitive processes when lesioned, the operation obviously does not disrupt the functional integrity of these cortical areas. The role of the nonspecific reticular nucleus in ventrolateral thalamotomy is speculative. The reticular nucleus borders the ventrolateral nucleus laterally, and has connections to the ventrolateral nucleus. An unproved hypothesis is that ventrolateral thalamotomy may interfere with arousal or activation mechanisms." This hypothesis may be tested in future studies by including tests of vigilance and activation. 
